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ABSTRACT

Cracking of Zirconium Alloys at Constant Load with
and without Applied Potentials
by
H eidi Aquino
D r. A jit K. Roy, Examination Committee Chair
Associate Professor o f Mechanical Engineering
U niversity o f Nevada, Las Vegas

Cladding materials, namely Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4), were tested fo r
evaluation o f their resistance to stress corrosion cracking (SCC), delayed hydride
cracking (DHC), and localized corrosion (p itting and crevice) in neutral and acidic
environments at ambient temperature and 90°C. For SCC testing, constant load and
slow-strain-rate techniques were used. Some SCC testing were also performed under
controlled electrochemical potentials (Econi). The localized corrosion behavior was
studied by cyclic potentiodynamic polarization technique. M etallurgical microstructures
and fractography were analyzed by optical microscopy and scanning electron microscopy
(SEM), respectively. The results obtained from this study indicate that no failures were
observed under constant loading w ith smooth specimens. However, the notched
specimens showed failures at reduced applied loads. The apphcation o f Ecoot to the
smooth specimens showed some signs o f hydrogen damage that m ight be the precursor to
the development o f DHC. Fractographic evaluations by SEM revealed dimpled
microstructures indicating ductile failures.
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CHAPTER 1

INTRODUCTION
The disposal o f nuclear waste poses a severe challenge to a ll nuclear powergenerating nations in view o f its to x ic ity and long radioactive life . Thus, it had been
recommended in the United States (US) that these nuclear wastes be isolated from the
natural environment fo r at least 10,000 years.^ In order to develop a feasible federal
policy, the US Congress enacted the Nuclear Waste P olicy A ct o f 1982 (NW PA) that was
aimed at establishing a comprehensive national program fo r the safe management,
storage, and permanent geologic disposal o f highly radioactive waste in excess o f 70,000
m etric tons.^ Based on the fie ld and laboratory studies performed among nine candidate
sites, Yucca M ountain, located 90 m iles northwest o f Las Vegas, Nevada, consistently
ranked as the most suitable site possessing the most desirable technical and scientific
characteristics as a proposed geologic repository to contain high-level radioactive waste
(H LW ). ^ The US Senate and the House approved the recommendation as w ell, and
currently the O ffice o f C ivilia n Radioactive Waste Management (OCRW M) is in the
process o f applying fo r the licensing o f this potential underground repository by

^United States General Accounting Office. (1987). Nuclear Waste: Tnstitutinnal Relations Under the
Nuclear Waste Policy Act of 1982. Washington, DC: U.S. Govanment Printing OfGce. p. 8.
^ Comptroller General o f the United States. 119851. Department of Energy's Tnitial Pffnrt.s to Tmplement
the Nuclear Waste Policy Act of 1982. Washington, DC: U.S. Government Printing Office, p. 1.
^U.S. Department of Energy: Office of Public Affairs. (2(X)2). Whv Yucca Mountain? Frequently
Ouestions. p. 3.
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the US Nuclear Regulatory Commission (NRC). I f approved by the NRC, this repository
may become operational in the year 2010 .
One major criterion in proposing the Yucca Mountain site as a potential
repository was the fact that the rocks surrounding this site are composed o f v itrifie d tuQ".
T u ff is rock formed from volcanic fragments. This region is located in a dry and
unsaturated zone w ell above the water table. Although the long-term storage o f the spent
nuclear fuel (SNF) inside the engineered barrier w ill be in a dry atmosphere, there is a
possibility o f moisture contact w ith the m etallic waste package causing them to breach
during the proposed disposal period. Also, there are evidences that water can move
rapidly to these dry and unsaturated zones. ^ In addition, in course o f tim e, the
temperature inside the repository may be reduced to below the boiling point o f water. As
a result, very little evaporation may occur, and the waste package container materials
may become susceptible to different types o f environment-induced degradation, including
general corrosion, localized corrosion, and stress corrosion cracking (SCC).
As a part o f the site characterization, researchers from the Lawrence Liverm ore
National Laboratory (LLN L) have performed a series o f tests including the Large Block
Test (LBT) to develop a better understanding o f the thermal loading effect on the
resultant thermal-mechanical-hydrological-chemical (TM HC) processes occurring at this
site. Based on this study, a sulfate-reducing bacteria (SRB) was discovered, that can
survive at temperatures up to 200°C.^ The presence o f these microbes can result in

' Pmhlems with the Yucca Mountain Site, http A/www.sric.org/voices/2001/v2n 1/yuccaproblems .btmi June
2003.
^Yucca Mountain Prngram: Near-Field RnvimnmRnt Characterization. htQ)://ynq).llnl.gov/nearGeldhtml
June 2003.
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m icrobiologically-induced corrosion (M IC ) o f container materials due to the form ation o f
acidic species and their subsequent chemical reactions.
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Figure 1.1. Waste Package Design

The current waste package design consists o f a m etallic, m ulti-barrier concept, as
shown in Figure 1.1. The proposed emplacement o f waste package includes the drip
shield inside the repository are illustrated in Figure 1.2. This design is broken up into
four parts that each serves a different purpose. They are the drip-shield, outer barrier,
inner barrier, and cladding. The titanium drip-shield acts as an um brella overlaying the
entire waste package that can prevent contact between water dripping from the rocks and
the containers. The outer barrier is a thin layer (2 cm) o f corrosion-resistant, nickel-base
A llo y 22 that w ill provide the necessary corrosion protection from the potential
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repository environments. Next, the inner barrier, made o f Type 316 NG stainless steel,
w ill be thicker (6 cm) and w ill serve as a structural support. The cladding tubes, as
shown in Figure 1.3, act as the prim ary barrier that prevents the release o f radionuclides
contained in the SNF. The structural integrity o f the SNF cladding plays a m ^or role in
preventing or m inim izing the potential fo r degradation resulting from the combined effect
o f the repository environment and the products resulting from the radiolysis o f the SNF.
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Figure 1.2. Waste Package Emplacement
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Zirconium alloys, namely Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4), are commonly
used as cladding materials in most commercial light-w ater and boiling-w ater reactors.
Both Zr-2 and Zr-4 are highly desirable fo r cladding and other reactor internal structures
due to their excellent corrosion resistance in elevated temperature water and steam, and
their superior neutron absorption capability. Oxide layers can be readily formed on the
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surface o f clean and unirradiated zirconium and its alloys, thus protecting them from
potential corrosion attack/
The waste package containers were designed to take into consideration disruptive
natural events, such as faulting and seismic/igneous activities, that may be expected at the
Yucca M ountain Site. Such events can damage the waste package container, but may
s till keep the inside cladding intact.^ Howevor, these types o f events can cause breaching
o f the waste package, and may lead to environment-induced degradation, such as SCC
and localized corrosion o f the container materials. In itia lly , the surface film s w ill be
ruptured due to interaction o f the oxide layer w ith different types o f condensed phases
resulting from the evaporation o f aqueous environments inside the repository, follow ed
by perforations through the container w all thickness. This phenomenon is associated
w ith the form ation o f pits, which is one type o f localized corrosion that can be
encountered by susceptible container metals and alloys in the presence o f aggressive
chemical species. Presence o f residual stresses in these materials due to plastic
deformation and welding, and their interaction w ith the aqueous repository environments
can also result in SCC. In essence, numerous factors, such as surface condition, m aterial
type, residual stresses, and irradiation products, can influence the susceptibility o f the
prospective container materials to SCC.^
The release o f radionuclides from the SNF is the result o f breaching o f the
cladding barrier contained inside the waste package inner container. As long as the

^ Schweitzer, H iilip A. (19). Corrosion and Corrosion Protectioa Handbook
edl. Marcel Dekker, Inc:
New York, pp.231-277.
^ Stablein, N. K. Issue Resolution Status Report-Revision 1, Key Technical Issue: Repository Design and
Thermal-Mechanical Effects, letter to S. Brocoum (October 2), Nuclear Regulatory Commision,
Washington, DC, 1998.
^ Wood, I.e . Journal of Nuclear M at^ials. Vol. 45. 1972. p.l05.
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cladding remains intact, the release o f these radionuclides may not occur. On the other
hand, if the cladding materials sustain some damage, radionuclides w ill be slow ly
released into the surrounding repository atmosphere through these perforations. As the
waste package containers undergo breaching, the liq u id phases from the repository
environments and the radiolytic products w ill interact w ith the cladding materials, thus
causing some m in or environment-induced damage.^ Since these damages are not that
detrimental at the beginning, the cladding bundles can s till prevent dissolution o f the
SNF. Perforated cladding made o f zirconium alloys has been found to undergo cracking
due to the lack o f oxide film form ation, and reactor power fluctuations leading to the
development o f cladding stresses due to the expansion o f the fuel pellets.^ A fte r long
term exposure, this oxide layer breaks down and becomes b rittle and porous, thus
exposing the cladding barrier to the adverse effects o f corrosion damage.
In order to evaluate the long-term performance o f the waste package container
materials w ithout appreciable damage, corrosion testing has been performed at the
Southwest Research Institute (SwRI) in aqueous environments containing various
concentrations o f chloride.^ These tests were intended to establish the m inim um
temperature and chloride concentration needed to initiate localized corrosion in these
materials. In general, zirconium alloys may not suffer from localized corrosion in

^Wilson, C. "Results 6om NNW SI Series 3 Spent Fuel Dissolution Tests, PNL-7170." Pacific Northwest
Laboratory. Richland, Washington. 1990.
^ Armijo, J.S. "Performance of Failed BW R Fuel." Proceedings of the 1994 International Topical MeetinE
on Light Water Reactor Fuel Performance. 1994. pp.410-416.
^ Southwest Research Institute 1999 Annual Report: Center for Nuclear Waste Regulatory Analyses.
http://www.swri.edu/3pubs/arl999/cnwrahtm June 2003.
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chloride and sea water environments. However, the susceptibility o f these alloys to
localized attack may depend on the chloride ion concentration and the temperature.^
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Figure 1.4. Residual Stress Development Processes

Yau,T.L. andWebsta, R.T. (1978). Zirconium and Hafnium. Metals Handbook Ninth Edition. 13.707720.
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Figure 1.4 illustrates the mechanism by which oxidation-induced residual stresses
are introduced in zircaloy cladding.

The outermost layer o f the zirconium alloy creates

a protective, waterside oxide layer that is subjected to a large residual stress resulting
from the large volume expansion o f the zirconium oxide. The oxide layer contracts to
form a rig id bond w ith the zircaloy cladding, and, consequently, develops tensile residual
stresses that may produce cracks in this oxide layer.

This event results in developing

conditions by which hydrogen can be introduced into the zirconium alloys leading to the
development o f DHC.
Corrosion is a result o f electrochemical reactions that may occur between metals
and the environments to which they are exposed. Extensive work has been performed
during the past fo rty years to evaluate the aqueous corrosion behavior o f numerous
materials in high-temperature, nuclear environments using conventional and
electrochemical techniques. Also, there are indications in the open literature^^'^^'^'* that
application o f cathodic electrochemical potential can induce DHC in zirconium alloys.
In lig h t o f the preceding discussion, this project was focused on the evaluation o f
the effect o f environmental and m etallurgical parameters on the cracking susceptibility
and localized corrosion behavior o f two zirconium alloys. Conventional and
electrochemical testing techniques were used to perform these evaluations. Further,

Chung, H.M. "Corrosion and Hydride-Induced Degradation of Spent Fuel Cladding under Repository
Conditions." p. 7.
Chung, H.M . "Corrosion and Hydride-Induced Degradation of Spent Fuel Cladding under Rqx)sitory
Conditions." pp. 6-8.
Rothman, A J. "Potential Corrosion and Degradation Mechanisms of Zircaloy Cladding on Spent Nuclear
Fuel in TuK Repository." UCID-20172, Lawrence Livermore National Laboratory, September 1984.
" Pestcatore, C. et al. "Zircaloy Fuel Poformance under Spent Fuel Disposal Conditions" BNI^52235,
DOE/OSTI-4500-R75, WMEM-2IRC Rev. 4/90, Progress Report for May 1-October 31,1989, Brookhaven
National Laboratory, 1990.
"Cladding Integrity under Long Term Disposal." Framatome Technologies Engineaing Information
Record, Document Identifier 51-1267509-00, December 1998.
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state-of-the-art surface analytical techniques were used to analyze the m etallurgical
microstructures, fractography, and elemental characteristics in a ll tested specimens.
M aterials and detailed experimental techniques used in this investigation are presented in
the next section.

10
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C H AP TER !

M ATERIALS AND ENVIRONMENTS
Materials
The chemical compositions o f Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4), two
cladding materials tested in this investigation, are shown in Table 2 .l/ These materials
were tested in solution-annealed condition.^ Solution annealing is a fu ll annealing
operation form ing a recrystallized structure in a vacuum or air furnace heated w ith in the
temperature range o f 650-800°C. Their ambient temperature mechanical properties are
shown in Table 2.2.^ Zr-2 and Zr-4 are highly desirable'^ fo r nuclear fuel cladding and
other reactor internal structures prim arily due to their excellent corrosion resistance in
high-temperature water, and their transparency to thermal energy neutrons. These two
alloys are commonly used in water-cooled nuclear reactors. Other properties that make
them suitable fo r nuclear applications are moderate strength, excellent d u ctility after
prolonged irradiation in reactor coolant, absence o f interactions w ith fuels and Ession
products, and superior resistance to creep deformation.

' Zircaloy-2 and Zircalov-4. Wah Chang Certified Test Reports. September 2001.
^ Sutherlin, R.C. Wah Chang. httpV/www.wahchang.com
^ Ziicalov-2 and Zircalov-4. Wah Chane C afihed Test Reports. Septemba2001.
^ Machiels, A J. Corrosion of Zircaloy-CladLW R Fuel Rods. Metals Handbook Ninth Edition. 13.945948.
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Table 2.1. Chemical Composition o f Zlirconium Alloys
Elemental Analysis (w t %)
M aterial / Heat No.
Cr
Fe
N i Fe+Cr Fe+Cr+Ni
O
Zircaloy-2 / 242831 0.10 (1182 0.070
(1352
(11277
Zircaloy-2 / 243528 0.10 0.185 0.067
0355
NA
Zircaloy-4 / 242731 0.12 0.217
0.340
0.130
Zircaloy-4/ 243195 0.12 0.225
0.342
0.132
-

-

-

-

-

-

Sn
1.298
1.272
1.312
1.283

Zr
Balance
Balance
Balance
Balance

Table 2.2. Mechanical Properties o f Zirconium A lloys at Am bient Temperature
Vendor CertiEcation: Wah Chang
Lab-Generated
M aterial /
Data:UNLV
Heat No.
Y ield
Ultim ate
Y ield
U ltim ate
%E1
Strength
Tensile
%RA
Strength
Tensile
(ksi)
Strength
(ksi)
Strength(ksi)
(ksi)
Zircaloy-2
53.25
27.5
78.7
NA
54.5
78.1
/242831
53.38
79.12
27.2
NA
Zircaloy-2
NA
NA
/
243528
55.10
23.9
Zircaloy-4
79.6
58.3
55.7
78.7
/
243195
49.80
Zircaloy-4
78.1
28.5
NA
NA
NA
/
242731
NA: Not Available

Zirconium (& ) alloys exhibit strong anisotropic characteristics. Zr has a
hexagonal close-packed (hep) crystal structure, but undergoes an allotropie
transformation at about 870 °C (1590 °F) when it changes to a body-centered cubic (bcc)
structure, as shown in Table 2.3.' The alpha-stabilizing elements can raise the
temperature o f allotropie transform ation from a to p. These elements include tin (Sn),
nitrogen (N ), and oxygen (O). On the other hand, the beta-stabilizing elements such as

' Webster, R.T. (1990). Zirconium and Hafaium. Metals Handbook Tendi Edition. 2. 661-669.

12
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iron (Fe), chromium (C r) and nickel (N i) can low er this transition temperature, thus
showing an opposite effect.
D uring welding, Z r and its alloys can react w ith the surrounding gases (oxygen,
hydrogen, and nitrogen) at the operating temperatures. Due to their high reactivity, these
materials need to be shielded w ith inert gases such as helium and argon during welding.
Z r alloys are commonly welded by using the gas tungsten arc welding (GTAW )
technique. Both Zr-2 and 2k-4 have low coefficient o f thermal expansion (Table 2.3), so
the base metal experiences very little distortion during the welding process. The presence
o f inclusions does not pose a problem during the welding process because zirconium has
a high so lu bility fo r its own oxide. Since no flu x is used in this type o f welding, the
possibility o f flu x entrapment is eliminated. Residual stresses are quite low in a finished
weld due to the low modulus o f elasticity o f zirconium.^ The welded area has a tendency
o f being weak, so the weld puddle, the bead behind the weld puddle, and the backside o f
the weld puddle can be better protected by using an additional secondary shielding
technique.

^Webster, R.T. (1990). Zirconium and Hafnium. Metals Handbook Tenth Edition. 2. 661-669.
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Table 2.3. Typical Physical and Mechanical Properties of Zr-2 and Zr-4

Zircaloy-2 /
Zircaloy-4

Property
Physical

6.56

Density at 20 °C (70 °F), g/cm^
Crystal Structure
«-phase
P-phase
(a+P) phase
M elting Point, °C (°F)
B oiling Point, °C (T )
C oefficient o f Thermal Expansion per °C (°F)xlO ^ at
25 °C (75 T )
Thermal C onductivity at 300-800 K , W /m *K
(B tu *ft/h *ft'^*T )
Specific Heat, J/kg*K (caln/g*K )
Vapor Pressure, kPa (mm Hg)
A t 2000 °C (3630 T )
A t 3600 °C (6510 T )
E lectrical R esistivity, pO *cm at 20 °C (70 °F)
Temperature C oefficient o f R esistivity per °C at 20
°C (6 8 T )
Latent Heat o f Fusion, kJ/kg (calg/g)
Latent Heat o f Vaporization, kJ/kg (calg/g)

hep (<865 °C or
1590 °F)
bcc (>865 °C or
1590 T )
---

1850(3362)
4375(7907)
6.0 ( 10 .8 )

21.5 (12.7)
285 (0.068)
-----

74.0
-------

Mechanical
Modulus o f E lasticity, GPa (10^ psi)
Shear Modulus, GPa (10^ psi)
Poisson's Ratio at Ambient Temperature

99.3 (14.4)
36.2 (5.25)
0.37

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Environments
Based on laboratory experiments, three possible repository environments relevant
to the Yucca M ountain Site have been identified.^ They are: simulated dilute water
(SDW, w ell J-13 type water), simulated concentrated water (SCW, lO-lOOx
concentrations o f w ell J-13 water), and simulated acidic water (SAW , lOOOx
concentrations o f w ell J-13 water). The environments used in the current investigation
are SAW and m odified SAW (SAW M ). M odification o f SAW by adding hydrochloric
acid (H C l) was intended to produce a more acidic pH. The compositions o f these two
environments are given in Table 2.4. It is well-known that environments w ith very low
pH values can be produced inside the potential geologic repository due to the presence o f
microbes such as sulfate-reducing bacteria (SRB), and form ulation o f acidic species such
as n itric acid (HNO 3) and hydrogen peroxide (H 2O2) resulting from the radiolysis o f SNF.
It is envisioned that the use o f SAW M environment may simulate the pH values resulting
from the presence o f SRB and the ra diolytic effect. Both environments were used in an
aerated condition to enhance the beneficial effect o f oxygen in producing a protective
oxide layer on Zr-2 and Zr-4.

^ Gdowski, G. "Environment on the Surfaces of the Drip Shield and Waste Package Outer Barrier." A N LEBS-MD-000001, Rev 0. IC N 02.
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Table 2.4. Chemical Compositions o f Aqueous Solutions Tested

Elem ent

SAW

(5.99/7.25)

SAW M

(1.98/2.76)

C oncentration
Na

40900

Si
Ca
K
Mg

2 7 (60°C)

cr

24250

NOa

23000

S0 4 ^

38600

1000

3400
1000

Same as in SAW except fo r an
addition o f H Cl to achieve the
desired pH range

Considerable efforts w ere made to elim inate the amount o f oxygen content during
m elting and processing o f Z r alloys. Z r alloys can react w ith oxygen in air at
temperatures above 540 °C (1000 T ), thus form ing a white zirconium oxide film that is
b rittle and porous. A fter prolonged exposure, the form ation o f these oxides may degrade
the integrity o f these alloys. In itia lly , it was thought that oxygen may act as an im purity
that should be m inim ized since it may cause the metal to become more b rittle . It has,
however, been found that reducing the oxygen content to below 1000 ppm can reduce the
strength levels in Z r alloys.'^ An oxide film can form on the surface o f Z r alloys
providing the supplemental form o f protection during the corrosion process. It can act as
an effective barrier to prevent hydrogen absorption. Although the form ation o f an oxide
film has its advantages, the film s become ineffective at elevated temperatures.

* Ahn, T A f ., Cragnolino, G.A., et al. Scientihc Bases for Cladding Credit as a Barrier to Radionuclide
Release at the Proposed Yucca Mountain Repository. Materials Research Society Symposium
Proceedings. JJJ, 525-532.
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CHAPTER 3

EXPERIMENTAL PROCEDURE
As indicated earlier, this investigation is aimed at evaluating the susceptibility o f
Zr-2 and Zr-4 to SCC, DHC, and localized corrosion including p ittin g and crevice
corrosion in two environments o f different pH values. The susceptibility to SCC and
DHC was evaluated by using a constant-load technique incorporating both smooth and
notched cylindrical specimens. For DHC testing, an electrochemical controlled potential
(Ecom) was applied during testing under constant loading. The magnitude o f Egoot was
based on the measured open-chcuit potential (Ecm) iu a sim ilar environment. Since DHC
is a result o f hydrogen diffusion into the metal lattice during SCC testing, the tensile
specimens were cathodically polarized under a potentiostatic condition at different
negative potentials w ith respect to Ecor. The susceptibility to localized corrosion was
determined by cyclic potentiodynamic polarization (CPP) method under sim ilar
environmental conditions. A lim ited number o f slow-strain-rate (SSR) tests was also
performed to evaluate SCC behavior o f Zr-2 and & -4 . The individual testing technique
has been described later in this section.
Prior to the evaluation o f the SCC/DHC behavior o f the zirconium alloys, their
ambient-temperature mechanical properties were determined by using a M aterials Testing
System (MTS) machine in air according to the ASTM Designation E 8 .^ Tensile

' ASTM Designation: E 8 - 89b, Standard Methods of Tension Testing of Metallic Materials.
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specimens, received from a qualified supplier, were used in the solution-annealed
condition. The resultant tensile data enabled a comparison o f supplier-provided
mechanical properties to those determined at the U N LV 's Materials Testing Laboratory.
Configurations o f both smooth and notched tensile specimens, and a pictorial view o f the
MTS equipment are shown in Figures 3.1 through 3.3.
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Figure 3.1. Smooth Tensile Specimen
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SCALE

l.S 'l

Figure 3.3. MTS Testing Machine

Constant Load Testing Technique
Constant-load testing was performed by using calibrated proof rings. In addition
to the calibration curves received from the manufacturer, calibration o f these rings was
performed by an independent laboratory selected by the United States Department o f
Energy (USDOE). Some o f the tensile specimens were randomly checked by the same
laboratory fo r verification o f dimensions. The cylindrical specimens were loaded to the
desired appbed load by use o f these calibration curves. By knowing the ambient-
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temperature yield strength o f the m aterial, the desired applied load was calculated by
m ultiplying the cross-sectional area o f the specimen at the gage section w ith the percent
applied stress to be applied. For example, if the yield strength o f the m aterial was 100 ksi
and a stress level o f 90% o f the yield strength was desired, the applied stress would be 90
ksi. Since a gage diameter (d) o f 0.25-inch was used, the cross-sectional area (A ) was
calculated using to the Equation 3.1.

(Equation 3.1)

A=

Thus, the desired load (in pounds) would be 90 times A . B y knowing the desired load,
the deflection needed was determined from the calibration curve, as shown in Figure 3.4.
The amount o f this deflection was achieved by using o f a dial gage attached to the proof
ring, as shown in Figure 3.5.

TWO
2 MW

I
I
MOD

Figure 3.4. C alibration Curve fo r a Proof Ring

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Ü

H

F

A DMQ^
B - P'ucf Rmg
C 'T w * Specimen
D
r^:rmcnkU Chimb^f
Figure 3.5. Constant Load Test Setup

F tio r to loading, the test specimen was thoroughly cleaned w ith deionized water,
acetone and alcohol follow ed by air-drying. The specimen was then inserted into the test
chamber and the loading was performed as discussed in the previous paragraph. For
elevated temperature testing, a condenser was attached to the test vessel to compensate
fo r the water loss due to evaporation. A test vessel made o f highly corrosion-resistant
nickel-base Hasteloy C-276 was used fo r elevated temperature testing. The heating o f
this vessel containing the test solution was accomplished by using two heating cartridges
inserted into the bottom slots o f this vessel, and the temperature was monitored by a
thermocouple connected to a temperature controller. A tim er was attached to the upper
inner diameter o f the proof ring to record the tim e-to-failure (TTF). Thus, the precise
IT F was autom atically recorded by use o f this tim er as the sample failed. The maximum
duration o f tests under constant-loading was 30 days. I f the sample did not fa il in 30
days, it was construed that the material may not fa il at that applied load in a specific

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

environment. The magnitude o f threshold stress (oaJ, below which no failure may occur,
was determined from these tests as functions o f solution pH and temperature.
For constant-load SCC testing under controlled electrochemical potential (Ecoot),
the tensile specimen was potentiostatically polarized using a three-electrode polarization
concept. The tensile specimen was used as an anode, a graphite electrode was used as a
cathode, w ith silver/silver chloride (A g/A gC l) being used as a reference electrode. The
detailed experimental setup fo r electrochemical testing is shown in Figure 3.6. Both
smooth and notched tensile specimens were tested under selected Econt values. A n 8chaimel m ultipotentiostat, manufactured by Princeton A pplied Research (PAR), was used
to apply Eccmt to the test specimens w hile loaded in tension.

Luggiti Probe

^

-

Counterelectfode

Working Electrode
(Tensile Specimen)

Figure 3.6. Potentiostatic Polarization Test Setup
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Upon completion o f testing, the test specimens were cleaned w ith deionized water
follow ed by rinsing w ith acetone and alcohol. I f the sample failed, the two broken halves
were visually examined fo r the prim ary fracture and the secondary cracking, along the
gage section, it any. Finally, a part o f the broken specimen was m etallographically
mounted, polished, etched, and examined by optical microscopy fo r m icrostructural
evaluation and detection o f secondary cracks, if any. SEM was also used to analyze the
fractographic characteristics o f the prim ary failure experienced by these specimens. The
pH o f the test solution was measured before and after testing. The d u ctility parameters in
terms o f percent elongation (%E1) and percent reduction in area (% RA) were also
determined from the changes in the total length and the gage diameter o f the tested
specimen. Thus, the SCC susceptibility o f both Z r alloys was evaluated by analyzing all
these resultant parameters.

Slow-Strain-Rate Testing Technique
W hile this investigation was prim arily focused on the evaluation o f SCC and
DHC behavior o f Zr-2 and Zr-4,under constant loading a lim ited number o f SSR tests
were also performed. Since no failure was observed w ith the smooth tensile specimens
under constant load, SSR tests were performed at a strain rate o f 3.3e-6 sec

to optim ize

the effect o f mechanical constraint and environmental conditions to promote failure in
these specimens. The experimental setup used in the SSR testing was identical to that o f
the constant-load testing, w ith an exception that the specimen was continuously strained
at the desired strain rate using a calibrated load cell u n til the sample failed. The extent
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and morphology o f failure in the tested specimen were analyzed by optical microscopy
and SEM, as discussed earlier. The SSR test setup is shown in Figure 3.7.

ALVDT
B - T ty AeWWmr
C - EavnunmeoW Changer
[) -BoUixm Achwtor

Figure 3.7. Slow-Strain-Rate Test Setup

C yclic Potentiodynamic Polarization
The cyclic potentiodynamic polarization (CPP) tests were performed to evaluate
the localized corrosion behavior o f Zr-2 and 2k-4 in sim ilar environments using a threeelectrode polarization technique in which the test specimen was used as a w orking
electrode, two graphite electrodes were used as counter electrodes, and a Ag/AgC l
reference electrode contained in a Luggin probe acted as a reference electrode. Tests
were performed at ambient and elevated temperatures. The experimental setup is shown
in Figure 3.8. P rior to the performance o f the CPP tests, a model 273A potentiostat
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manufactured by PAR, was calibrated according to the ASTM Designation 0 5 /
Calibration o f this potentiostat was performed to generate a characteristic
potentiodynamic polarization curve fo r fe rritic Type 430 stainless steel in IN (1 Norm al)
H 2S0 4 .solution at 30°C. Small cylindrical specimens o f Type 430 stainless steel, shown
in Figure 3.9, were polished w ith 600 g rit silicon carbide paper and cleaned w ith
deionized water, acetone, and alcohol, respectively, prior to the performance o f testing.

I - PoKmdmW
B-W a*erBaA
C - PekmyaWon CeM
Figure 3.8. Electrochemical Test Setup

^ASTM Designation: G 5 - 94, Standard Reference Test Method for Making Potentiostatic and
Potentiodynamic Anodic Polarization Measurements.
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The resultant potentiodynamic polarization curve was compared to the plo t shown
in Figure 3.10, taken from ASTM Designation G 5. Ideally, the average

value

should be about -0.52 V w ith respect to a saturated calomel electrode (SCE). The
measured Ecw value can have an acceptance variance o f ±0.075 V &om this value. The
shape o f the curve should match w ith that o f Figure 3.10 w ith an exception o f noise
signals that may result during the generation o f this potentiodynamic plot. The
magnitudes o f two noses (N i and Nz) should by approximately -0.07 V and +0.43 V ,
respectively, w ith respect to SCE. A cceptability o f the calibration data was based on the
technical judgment o f the measured values o f N i and Nz. I f the data were considered
unacceptable, the equipment was sent back to the manufacturer fo r repair. The frequency
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o f performance o f the calibration test was based on the quality and reproducibility o f the
generated data. C alibration tests were performed follow ing every 20 experiments.
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Figure 3.10. Potentiodynamic Polarization P lot Shown in ASTM Designation G 5

For CPP testing, the specimens were polished w ith 6 (X) g rit silicon carbide paper
and cleaned w ith deionized water, acetone, and alcohol, respectively. The counter
electrodes, salt-bridge probe, and other components were placed appropriately into the
test cell. 800 m L o f the desired test solution was poured into the clean polarization glass
cell. The polarization cell was immersed inside the water bath heated to different
temperatures (30°C, 60°C, and 90°C). P rior to the scanning o f electrochemical potential,
nitrogen was bubbled through the test solution fo r one hour to remove oxygen. The
cylindrical test specimen was then inserted into the central hole o f the polarization cell by
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use o f a specimen holder. The salt-bridge probe tip was adjusted to w ithin approximately
2 mm from the surface o f the working electrode. The probe was fille d w ith the deaerated
test solution, and subsequently the reference electrode was inserted into it.
Once the cell was assembled, Econ o f the specimen was recorded w ith respect to
the Ag/A gC l reference electrode. For cyclic polarization, forward and reverse potential
scans were used at the ASTM-suggested^ rate o f 0.17 mV/sec. The magnitude o f the
critica l p ittin g potential (Epu) and the protection potential (Ep^J, if any, were determined
from the resultant CPP diagram.

^ ASTM Designation: G 61 -7 8 , Standard Practice for Conducting Cyclic Potentiodynamic Polarization
Measurements for Localized Corrosion.
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CHAPTER 4

RESULTS AND DISCUSSION
Results
Constant Load
Neither Zr-2 nor Zr-4 smooth tensile specimens exhibited any SCC failure in
constant-load tests in either environment at applied stresses up to 95 percent o f the
m aterials' YS values. The overall results o f constant-load SCC testing are shown in
Table 4.1. Since no failures were observed w ith the smooth specimens, SCC tests were
performed using notched specimens. Calculation o f the stress concentration factor (K )
due to this notch was determined using a computerized frnite-elem ent technique.^ The
theoretical stress concentration factor (K J was determined using dimensionless ratios
based on the size and shape o f the notch. Figure 4.1 shows the dimensions used fo r this
calculation. The calculations in Equations 4.1 and 4.2 show the geometric ratios fo r
notched specimens w ith gage diameter and notch diameter o f 0.250 in and 0.156 in,
respectively.

^Juvinall, R.C. and Marshek, K.M . Stress Concentration Factors for Grooved Shafts with Axial Loading
FimdAmentals of Machine Component Desien. 199. p. 144.
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Table 4.1. Results o f Constant-Load SCC Tests Using Smooth Specimens

Test No.

Material / Heat No.

Z r-2 /242831
CL-1
CL-2
Zr-2 / 242831
Zr-2 / 242831
CL-9
Zr-2 / 242831
C L-10
CL-17
Zr-2 / 242831
Zr-2 / 242831
CL-18
Zr-2 / 242831
CL-25
CL-26
Z r-2 /242831
CL-33
Z r-4 /243195
CL-34
Z r-4 /243195
CL-41
Zr-4 / 243195
CL-42
Z r-4 /243195
Zr-4 / 243195
CL-49
CL-50
Z r-4 /243195
CL-57
Zr-4 / 243195
Cl-58
Zr-4 / 243195
YS: Y ield Strength
NF: No Failure

Environment Tested
Applied Stress
ksi Results
% YS
Temperature CC) pH
27
27
27
27
90
90
90
90
90
90
27
27
27
27
90
90

7.22
2.22

7.22
2.22

7.25
2.22

7.25
2.22

6.23
2.09
6.23
2.53
6.23
2.09
6.46
2.53

95
95
90
90
95
95
90
90
95
95
90
90
95
95
90
90

50.59
50.59
47.93
47.93
50.59
50.59
47.93
47.93
47.31
47.31
44.82
44.82
47.31
47.31
44.82
44.82
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NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF
NF

Based on the ratio shown in the chart contained in Figure 4.1, the value o f K t was
approximately 2.9. The chart displays results fo r shafts w ith a grooved notch, but the
notch machined in the tested tensile specimens had different geometry. The circular
notch had a 60° angle at its root having a maximum radius o f 0.005 in. Estimation o f the
K t value was based on this specimen configuration.
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Figure 4.1. Stress Concentration Factors fo r Grooved Shafts w ith A xia l Loading
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D

.250m

(Equation 4.1)
— = 1.60
d
where D = gage diameter, d = notch diameter

r _ .005m
^

(Equation 4.2)

— = .032
d
where r = radius o f curvature at the root o f the notch, d = notch diameter

Results indicate that the presence o f this notch in the center o f the gage section o f
the tested specimen, however, produced failure in acidic solution at ambient temperature
in Zr-2 specimen at applied loads corresponding to 80% and 85% o f its yielding load
(Y L) value, as shown in Table 4.2. It is interesting to note that failure was also observed
in Zr-4 at ambient temperature at an applied load o f 80% o f the m aterial's yielding load.
Further, failure was observed w ith & -2 in the 90°C acidic solution at an applied load
equivalent to 80% o f this m aterial's yield load value. No failures were observed at
reduced applied loads. Data presented in Table 4.2 are reproduced in Figures 4.2 through
4.5 showing the threshold load values below which failure may not occur in specific
environments using notched specimens. Based on the data, it appears that the threshold
load fo r SCC in Z r alloys may lie in the v ic in ity o f 75 to 80% o f their yielding loads in
the environments tested. The arrows indicate that no failure occurred at these applied
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loads. However, it should be noted that this range may be valid fo r the notch
configuration used in this investigation.

Table 4.2. Results o f Constant-Load SCC Tests using Notched Specimens

Test No.

C L-lN a
C L -IN
CL-2N
CL-9N
CL-ION
CL-17N
CL-18N
CL-26N
CL-33N
CL-34N
CL-41N
CL-42N
CL-49N
CL-50N
CL-65N
CL-66N

M a te ria l/
Heat No.

Environment Tested

Tenqieratnre
m
Zr-2/242831
27
Zr-2/242831
27
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-2/242831
Zr-4/243195
Zr-4/243195
Zr-4/243195
Z r^ 4 3 1 9 5
&-4/243195
Zr-4/243195
Zr-2/242831

Zr-2/242831
CL-67N Zr-2/242831
Pf: Failure Load
%YL: Percent Yield Load
NF: No Failure

27
27
27
90

% YL

Pf
(H *)

TTF

% EI

6.93

85
80

1954
1838

.5 hr
NF

0.85

80
75

1838 24.6 hr 0.25
—
1724 NF
—
1724 NF

&51
236

198
1.99
2.00
&51
236
5.99
2.00

27
27
27

5.99
1.99
276
276
2.00

90
90
90
90
90

Results

pH

&01
2.00

90
90
27

Applied
Load

75
80
80
75
80
80
75
75
80

—

—
1838 NF
1838 0.2 hr 0.9
1724 NF
1911 .3 hr 0.05
—
1911 NF

1792
1792
1911

80
65
60

1911
1494

70

1609

1379

NF
NF
NF
NF
NF
NF
NF

TTF: Time-to-Failure
%E1: Percent Elongation
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Figure 4.2. Applied Load vs. TTF fo r Notched Zr-2 in A cidic Solution

*2 7 C

Time+o-Fallura (hr)

Figure 4.3. Applied Load vs. TTF fo r Notched 2k-2 in Neutral Solution
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Figure 4.4. Applied Load vs. TTF fo r Notched Zr-4 in A cidic Solution
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Figure 4.5. Applied Load vs. TTF fo r Notched Zr-4 in Neutral Solution

Metallographic evaluation o f the tested tensile specimens (smooth and notched)
by optical microscopy did not indicate any secondary cracking along their gage sections.
Figure 4.6 shows a micrograph o f the prim ary failure o f a notched Zr-2 specimen tested
in SAWM environment at ambient temperature at an applied load o f 80% o f this
m aterial's yielding load under constant loading condition. Fractographic evaluation o f
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broken specimens by SEM revealed dimpled microstmcture (Figure 4.7) indicating
ductile failure.

Figure 4.6. O ptical M icrograph o f a Failed Notched Zr-2 Specimen

Figure 4.7. SEM M icrograph o f a Notched Zr-2 Specimen in SAW M Environment at
90°C under CL Conditions
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Slow-Strain-Rate
The results o f SSR testing using smooth tensile specimens o f 2Ü--2 and Zr-4 are
shown in Table 4.3. These data indicate that the magnimde o f Of was gradually reduced
fo r both alloys at 60°C and 90°C, compared to those at ambient temperature, as expected.
However, the TTF and the d u ctility in terms o f %E1 and %RA were enhanced to some
extent at the elevated temperatures, possibly due to the increased d u ctility at these
temperatures. The synergistic effect o f pH and temperature on %E1 and TTF fo r smooth
specimens o f Zr-2 is shown in Figures 4.8 and 4.9. The effect o f temperature on the
resultant stress-strain diagrams fo r Zr-4 in air and SAW M environment is illustrated in
Figure 4.10 showing enhanced %E1 and TTF, but reduced Of at higher testing
temperatures. A sim ilar effect o f temperature on d u ctility parameters fo r zirconium
alloys has also been reported in the open literature.^ The data in Curve 1 (in blue) shows
that there is a reduction in strain at the bend o f the curve. It is an unusual occurrence,
that may be the result o f compliance flucuations. Other curves show consistent signs o f
noise which is possibly attributed to the heating cartridges that supply the test setup w ith
elevated temperature conditions.

' Northwood, D.O. et al. "Hydrides and Delayed Hydrogen Cracking in Zirconium and its Alloys.'
International Metals Review. 28. 1983. pp. 92-121.
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Table 4.3. Results of Slow-Strain-Rate SCC Tests using Smooth Specimen
M aterial/
Heat No
Z r-2 /
242831

Z r-4 /
242731

Environment

Temperature
(°C)

Of (ksi)

%E1

% RA

TTF
(hr)

SAW
SAW
SAW M
SAW M
SAW
SAW
SAW M
SAW M

30
90
30
90
30
90
30
90

89.50
83.81
92.38
67.97
89.24
87.56
95.78
65.00

26.07
32.55
25.38
30.98
31.26
36.75
30.10
38.65

47.47
54.53
48.78
50.43
49.62
52.48
51.76
50.52

24.97
28.87
24.86
28.93
28.59
32.76
28.10
33.07

—^ Z r - 2 . Ambient
•2,90®C

pH

Figure 4.8. %E1 as a Function o f pH fo r Smooth 2h"-2 Specimen
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Figure 4.9. TTF as a Function o f pH fo r Smooth Zr-2 Specimens
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Figure 4.10. E ffect o f Temperature on the Stress-Strain Diagram fo r Zr-4 in SAW M
Environment
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SAWM

SAW

Figures 4.11-4,12. Comparison o f Failure Modes o f Zr-2 in SAW and SAW M
Environments at 90°C under SSR Condition

%

Figures 4.13-4.14. Comparison o f Failure Modes o f Zr-4 in SAW and SAW M
Environments at 90°C under SSR Condition

MetaUographic evaluation o f broken specimens by SEM revealed dimpled
microstructure indicating ductile failure at the prim ary fracture face o f the failed
specimen, as shown in Figures 4.11 through 4.14.

C yclic Potentindynamic Polarization
The results o f CPP tests are shown in Table 4.4. Analyses o f these data indicate
that no consistent pattern can be established on the effects o f temperature (30°C, 60°C
and 90°C) and pH (neutral versus acidic) on either the corrosion potential (Ecoc) or the
critica l pitting potential (EpiJ. Typical ambient temperature polarization diagrams fo r Z f-
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2 in neutral and acidic solutions are superimposed in Figure 4.15 showing Econ, Epü, and
Epmt. These data, however, exhibit some consistency in that both Ecw and Epk became
more noble (positive) in the neutral solution compared to those in the acidic solution, as
expected. No localized attack was observed in the polarized specimens. They only
showed general dissolution.

Table 4.4. Results o f C yclic Potentiodynamic Polarization Tests

M aterial/
Heat No

Zr-2 / 242831

Temperature
Environment
CO
SAW M

SAW

SAW M
Z r-4 /242731
SAW

30
60
90
30
60
90
30
60
90
30
60
90

Scan
Rate
(mV/sec)
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166
0.166

Fcorr 9mV
(Ag/AgC l)

Epit, mV
(A g/A gC l)

-571
-417
-390
-332
-784
-753

282
704
550
343
283
175
360
137
913
275
322
99

-122

-524
-650
-586
-481
-365
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Figure 4.15. Comparison o f CPP Data in Neutral and A cidic Environments fo r Zr-2

Potentiostatic Potential
A lim ited number o f SCC tests was performed in the 90°C acidic solution under
controlled cathodic potential (Ec«mt). In essence, these tests were potentiostatic
polarization o f tensile specimens o f Zr-2 and Zr-4 under constant loading. The
magnitude o f Egant was based on the measured Ecmr value obtained in a sim ilar
environment. In itia lly , experiments were performed fo r seven days at Ecomt values o f 100, -200, -300, and -500m V w ith respect to the Econ value. Later, these tests were
extended to periods more than seven days. However, the test solution contained in the
Luggin probe started to evaporate beyond seven days, thus losing contact w ith the tip o f
the Ag/AgCl reference electrode. Therefore, a ll potentiostatic SCC tests were performed
fo r seven days only. No failures were observed in smooth tensile specimens loaded up to
95% o f the m aterials' YS value under the desired Econt values. Therefore, efforts were
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made to visually examine the specimen surface at the gage region, follow ed by
evaluations by optical microscopy and SEM.

m m
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•

Figure 4.16. SEM M icrograph o f & -4 Specimen under Applied Cathodic Potential

Even though no failure occurred during the application o f cathodic (negative)
controlled potential, surface damages were observed in the gage sections o f the tested
specimens. SEM analyses were performed on the damaged surfaces, as shown in Figure
4.16. Analyses o f these micrographs revealed significant localized dissolution showing
rupture o f surface oxide film along the gage section. In addition, optical microscopy was
used to verify the presence o f secondary cracking that m ight have incurred on the surface
o f the specimen due to the application o f the controlled potential. The results o f optical
analysis indicated no signs o f secondary cracking, as expected. In addition to the SEM
and optical microscopy analyses, elemental analysis was performed by the energy
dispersive spectroscopy (EDS) technique at some selected locations. The EDS data
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showing the prim ary elements such as zirconium (Z r), chromium (C r), iron (Fe), and
nickel (N i) are illustrated in Figure 4.17. Because zirconium is the m ^or element in the
& -2 and Zr-4 chemical composition, the EDS analysis resulted in the greatest element
count o f zirconium .

cps
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Figure 4.17. EDS Data on a Tested Zr-2 Specimen

Discussion
As discussed earlier, this research project is focused on the evaluation o f SCC,
DHC, and localized corrosion o f Z r alloys in neutral and acidic environments at ambient
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and elevated temperatures. The susceptibility to SCC was determined by using both CL
and SSR techniques. The effect o f hydrogen on the cracking susceptibility (DHC) was
determined by applying a controlled cathodic potential (Econt) to the specimen loaded in
tension. The susceptibility to localized attack was evaluated by electrochemical cyclic
potentiodynamic polarization (CPP) method. The results o f constant-load SCC testing
using smooth tensile specimens, as discussed earlier, indicate that no failures occurred
w ith either Zr-2 or Zr-4 even at applied stresses approaching 95 percent o f the YS value
o f these two alloys. These results are not surprising in view o f the fact that 2k alloys are
known to be highly corrosion-resistant under operating conditions even inside the nuclear
reactors.^
It is well-known that zirconium and its alloys are resistant to SCC in pure water,
m oist air, steam, and many solutions o f sulfates and nitrates. Further, these alloys are
known to be corrosion-resistant in environments containing alkalies, acids, and salts.^
However, these materials may have a tendency to corrode in hydrofluoric and hot
concentrated sulfuric acids. Even though the Z r alloys have high level o f corrosion
resistance, SCC does become a problem in ferric chloride and cupric chloride solutions
w ith these alloys. In addition, these materials may exhibit cracking in water containing
halides, such as halogen vapors, carbon tetrachloride, and fused salts at high
temperatures. Exposure to these environments can also cause p ittin g in zirconium alloys.
Stress Corrosion Crackinp
As indicated earlier, no failure was observed w ith either alloy under constant
loading condition using smooth specimens. However, an introduction o f a notch at the
^Fontana, M . Q. (1986). Corrosion Eneineenns. New York: McGraw-HiU, Inc.
^Jones, D. A. (1996). Principles and Prevention of Corrosion. (Z^'ed.). Upper Saddle Riv«^,NJ: Prentice
Hall.
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gage section o f the smooth specimen produced failures in both neutral and acidic
solutions at applied loads corresponding to 75, 80, and 85% o f the m aterials' yielding
load values. Obviously, the cracking susceptibility o f zirconium alloys was influenced by
the presence o f a notch. The effect o f notch on the mechanical and corrosion properties
o f cladding materials has been studied by other researchers in boUing-water reactors.^
Their study indicated that the prim ary failure made was due to the pre-fabricated notch,
but not due to the secondary hydride damage observed on the test specimens. An
evaluation o f the cracking morphology suggested that it was a Mode I type o f failure
which is usually characterized by a crack growth in a direction perpendicular to the loadapplication line.
The results o f constant-load SCC testing performed in the current investigation
under controlled electrochemical potential (Eccm) indicate that both Zr-2 and Zr-4
experienced localized damage at different locations w ithin the gage section that could be
attributed to the generation o f hydrogen due to cathodic charging. Even though no
cracking was observed in these short-term tests, it is possible that cracks could have been
initiated from this localized damage if the specimens were subjected to Ecoot fo r a
prolonged exposure period. SCC behavior o f zirconium and its alloys have been studied
by other investigators^' ^ in m ethanol-hydrochloric solution using electrochemical
techniques. The mechanical and electrochemical properties o f stressed and unstressed Z r
were compared in their study. Surprisingly, the application o f cathodic potentials to Z r

* Armijo, J.S. "Performance of Failed BWR Fuel." Proceedines of the 1994 International Topical Meeting
on IJght Water Reactor Fuel Performance. 1994. pp.410-416.
^Elayaperumal, K et al. "Electrochemical Factors of Stress Corrosion Cracking of Zirconium in Methanol
Solution." Corrosion Science. Vol. 11. 1971.pp.582-584.
^ Hebbar, K.R. "Stress Corrosion Failure of Zr-2 in Methanolic/HCl Solution: Role of Crystallographic
Texture." WekrstoffeandKorrosion,22. 1982. pp.554-562.
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alloys increased their tim e-to-failnre indicating enhanced d u ctility. Therefore, it was
suggested by these investigators that the presence o f hydrogen may not be the controlling
failure mechanism in the cracking o f Zr, but anodic dissolution m ight be responsible fo r
SCC. The d u ctility parameters obtained in this study were not influenced by the
application o f the cathodic controlled potential, suggesting that the presence o f hydrogen
may not cause any detrimental effect on the cracking susceptibility o f Z r alloys.
However, the observation made by these investigators was in contrast to the results
obtained in the current investigation that showed damage in the test specimen due to
cathodic charging. In lig h t o f the results obtained from the present study, it is suggested
that additional SCC testing be performed under Ecoot fo r a longer duration.
Delaved Hvdride Cracking
Although no efforts were made in this program to evaluate the cracking
susceptibility and crack growth behavior by any other techniques, efforts have been made
by other investigators^ to characterize the cracking susceptibility o f Z r alloys by other
available methods. The concept o f fracture mechanics has been applied to the
characterization o f DHC, where (he crack velocity (V ) has been estimated as a function
o f stress intensity factor (K i), as illustrated in Figure 4.18. Based on this study, it appears
that the threshold stress intensity factor (KgJ can be established fo r DHC below which
cracks may not grow, and a stable crack velocity can be determined that is independent o f
K i before it reaches the plane strain fracture toughness (Kic).^ A repetitious cycle is
incurred in this time-dependent process under sustained-loading conditions.^ It has been

^ Chealde, B.A. et al. "Prevention of Delayed Hydride Cracking in Zirconium Alloys." Zirconium in the
Nuclear Industry— SevenA International SvmTX)sium. 1985. pp. 224-240.
^ Fontana, M. G. (1986). Corrosion EnEineerinz. New York: McGraw-Hill, Inc.
^ Dutton, R. et al. Metallurgical Transaction.»; A, 8 A 1997. p. 1553.
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postulated that the diffusion o f hydrogen resulting from the reactors at the operating
temperatures can lead to the form ation and accumulation o f hydrides at the crack tip /°
This phenomenon can produce residual stresses at the hydride crack tip w ith eventual
propagation into a macroscopic failure.
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Figure 4.18. Crack Growth vs. Stress Intensity

It is well-known that zirconium alloys can undergo hydrogen em brittlem ent by
hydride precipitation due to its tendency to pick up hydrogen resulting from the corrosion
reactions. There are indications in the lite ra tu re ^ th a t some elements, such as tin (Sn),
iron (Fe), chromium (C r), and nickel (N i) can influence the corrosion behavior o f Z r
Chan, K.S. "A Micromechanical Model for Predicting Hydride Embrittlement in Nuclear Fuel Cladding
Material." Journal of Nuclear Materials. Vol. 227. 1996. p.220.
" Northwood, D.O. et al. "Hydrides and Delayed Hydrogen Cracking in Zirconium and its Alloys."
Tntematinnal Metals Review. 28. 1983. pp. 92-121.
Rudling, P. et al. "Corrosion Perfomance of New Zircaloy-2-Based Alloys." Zirconium in the Nuclear
Industry: Tenth Symposium, p.599.

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

alloys, in particular, their hydrogen absorption capability in aqueous environments. An
examination o f the chemical composition o f Zr-2 and Zr-4 tested in this program (Table
2.2) indicate that Zr-4 contains no nickel, but possesses a slightly higher iron content than
that o f Zr-2. This difference in composition did not exhibit any consistent pattern on the
role o f elements on the corrosion behavior, w ith or w ithout the application o f Ecoot in the
current study. However, it is im portant to note that the corrosion behavior o f Z r alloys
may also be related to the environmental factors, which were somewhat different in this
investigation compared to those cited in the open literature. In general, the occurrence o f
hydrogen em brittlement by hydride form ation is characterized by loss o f d u ctility and
fracture strength. An analysis o f constant-load SCC test data under Ecoot indicate that
there was no consistent pattern on the effect o f hydrogen produced by potentiostatic
polarization on the resultant d u ctility o f the tested specimens. Even though no attempt
has been made in this investigation to analyze the concentration o f hydrogen produced by
different Econt values, it is obvious that the concentration o f hydrogen would be gradually
increased w ith more negative applied potentials.
It has been been suggested^^ that the tendency to em brittlem ent may decrease at
elevated temperatures due to the high so lu bility o f hydrogen at higher testing
temperatures. In general, the form ation o f hydride can initiate cracking, and can render
the metal to become more susceptible to fracture. A research groupé'* has suggested the
form ation o f n itric acid during radiolysis due to the moisture contamination under
radioactive environment associated w ith SNF. These radiolytic effects have been

Huang, JH. et al. "Effect of Hydmgen Gas on the Mechanical Properties of Hydrided Zircaloy-4."
Sixth Inlanational Symposium on Environmental Deeradation of Materials in Nuclear Power Systems—
W ata Reactors. 1993. pp.475-481.
'^Beavos, J.A. etal, "Stress Corrosion Cracking of Zirconium in Nitric Acid." Corrosion. 36. 1981. pp292-297.
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investigated by them using both slow-strain-rate and constant-strain testing techniques.
Their results suggest that SCC can occur in solutions containing high concentrations o f
n itric acid (20 wt% or greater) at 25°C due to the form ation o f hydrogen in these
environments.
Txicaliy^d Corrosion
The results o f the CPP study involving Zr-2 indicate that at 30°C the measured
Ecoc and Epu values were more active (negative) in the SAW M environment compared to
that in the SAW environment, prim arily due to a more acidic pH o f the form er solution.
However, no consistent pattern was seen at elevated temperatures. As expected,^^ the
CPP diagram did not exhibit any active region, and was characterized by passive and
transpassive regions. Even though the transpassive region is indicative o f localized
corrosion, such as p ittin g or crevice, no such damage was observed w ith either alloy
indicating their resistance to localized attack. However, some localized dissolution was
observed on the polarization specimens.
The more acidic pH values in SAW^M environment were achieved by adding
hydrochloric acid to the neutral solution (SAW^. It was anticipated that the m odification
o f the SAW environment by adding hydrodiloric acid would increase the localized
corrosion susceptibility o f Z r alloys tested in the current investigation. However, no
significant difference in localized corrosion tendency was observed in tested Z r alloys
due to a change in pH from neutral to acidic by addition o f hydrochloric acid (H C l). Z r
alloys are known to be highly corrosion-resistant in many hostile environments due to the
presence o f 99% or higher Zr content. The effect o f H C l o f different concentrations on
Hettiarachchi, S. et al. "Electrochemical Characteristics of Zircaloys in High Temperature Aqueous
Environments." Sixth International Symposium on Envimnmental Degradation of Materials in Nuclear
Power Systems—^Water Reactors. 1993. pp.443-447.
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localized corrosion behavior o f Z r alloys has been studied by other investigators/^'
confirm ing sim ilar observations made in the current investigation. The susceptibility to
localized corrosion can, however, be enhanced by the presence o f chloride ions (C ll,
since zirconium alloys are known to undergo p ittin g in acidic oxidizing chloride
solutions. The presence o f C l its e lf does not in flu e n c e th e corrosion behavior o f
zirconium alloys, but can produce a detrim ental effect if cupric or fe rric ions are also
present w ith C l ions.
Temperature and environment can play significant roles on the mechanical and
electrochemical properties o f zirconium alloys. The effect o f elevated temperature on
localized corrosion o f zirconium alloys has been studied by other researchers.'^ The
results obtained from their investigations indicate that the oxygen content may be
increased at elevated temperatures, thus producing thicker oxide film s on the surface o f
zirconium alloys. The form ation o f thicker oxide film s may lead to stable passivation o f
zirconium alloys at elevated temperatures in the presence o f high oxygen content. Even
though no protective oxide film s were detected in specimens tested in this investigation,
surfaces o f some o f the tested specimens were covered w ith loose dark film s that were
removed to some extent during the cleaning operations.

Hong, M H . et al. "A Practographic Study of Stress Corrosion Cracking of Zr-4 in a Methanol/HCl
Solution." Journal o f Nuclear Materials., 173. 1990. pp.7-13.
^^Beavers, J.A. etal. "Stress Corrosion Cracking of Zirconium in Nitric Acid ." Corrosion. 36. 1981. pp292-297.
Elayaperumal, K et al. "Electrochemical Factors of Stress Corrosion Cracking of 25rconium in Methanol
Solution." Corrosion Science. Vol. 11. 1971. pp.582-584.
Hettiarachchi, S. et al. "Electrochemical Characteristics of Zircaloys in High Tempaature Aqueous
Environments." Sixth International Symposium on Environmental Deeradation of Materials in Nuclear
Power Systems— ^Water Reactors. 1993. pp.443-447.
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M itipatinn Techniques

Zr-2 and Zir-4 are two highly corrosion resistant alloys used in various industries.
They are w idely used in the nuclear reactor and chemical industries that require use o f
materials having excellent corrosion resistance. Even though these alloys possess
suitable corrosion-resistance, high strength, and enhanced d u ctility properties, they can
experience some service-related degradations. D ifferent m itigation processes can be
applied to prevent such damage. The application o f these m itigation techniques and the
inherent suitable physical and mechanical properties o f zirconium alloys can lead to
effective and m ultiple applications o f these types o f zirconium alloys in different
industries.
There are several m itigation techniques that may protect zirconium alloys from
corrosion. Obviously, the unique corrosion resistance o f zirconium alloys may naturally
provide protection from corrosion damages due to the form ation o f oxides on their
surfaces. Although these oxide film s may mechanically break or rupture, they have a
tendency to regenerate very quickly if there are sufficient amounts o f oxygen present.
Oxide form ation is possible using various methods that may include anodizing, autoclave
film form ation, and film form ation in air^'' Anodizing forms a very thin layer o f film . It
is usefid fo r special applications where protective film s may form at room temperature.
The nuclear reactor industry usually prefers autoclave film form ation since this process
can form a uniform film o f high integrity. Another characteristic that makes this process
is the fact that the fUm can be formed at low er temperatures. Finally, the most common
type o f Elm form ation can be achieved in air that can produce thick oxide layers onto the
surface o f Zr alloys.
^ Fontana, M . G. (1986). Corrosion Enpineerine. New York: McGraw-Hill, Inc.
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As to the SCC susceptibility, it can be prevented by avoiding high sustained
tensile stress, m odifying the environment, achieving a crystallographic texture w ith the
hexagonal basal planes perpendicular to the cracking path, maintaining a high-quality
surface film , and using electrochemical protection techniques/' The occurrence o f
fretting corrosion becomes a problem when the protective oxide coating is damaged or
removed, but can be rectified mechanically. To prevent such damage, an oxide coating
should be applied on the metal surface. This w ill reduce fric tio n and prevent the removal
o f the passive protective oxide Elms. Since the presence o f impundes may also inidate
corrosion damage, use o f inhibitors can m inim ize this type o f problem Use o f inhibitors,
such as zirconium nitrate or phosphorous pentoxide, can m inim ize or prevent the
corrosion damage in n itric acid-Euonde soludons due to the conversion o f corrosive F
ions into non-corrosive complex ions.

Jones, D. A. (1996). f rwciofea oMfJ freygMfiofi of CoTTOfioM. (Z™' ed.l. Uppa^ Saddle R iva, NJ:
Prentice Hall.
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CHAPTERS

SUMMARY AND CONCLUSIONS
Summary
Smooth and notched tensile specimens o f Zircaloy-2 (& -2 ) and Zircaloy-4 (Zr-4)
were tested to evaluate their stress corrosion cracking (SCC) susceptibility in neutral and
acidic aqueous environments at ambient and elevated temperatures by using constantload (C L) and slow-strain-rate (SSR) techniques. A lim ited number o f SCC tests were
also performed under CL condition at different controlled cathodic potentials (Ecoot). The
localized corrosion susceptibility was evaluated by electrochemical cyclic
potentiodynamic polarization (CPP) technique. The morphology o f the prim ary failure in
a ll broken tensile specimens was analyzed by scanning electron microscopy (SEM).
M etallographic evaluations were performed by optical microscopy. A t least duplicate
experiments were performed under identical conditions showing repeatability w ith no
significant variations.

Conclusions
The significant conclusions derived from this investigation are summarized
below:
*

No failures were observed w ith smooth Zr-2 and Zr-4 specimens in constant-load
tests even at applied stresses approaching 95% o f these m aterials' yield strength
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values. However, failures were observed at reduced applied loads in notched
tensile specimens. The magnitude o f the SCC due to the presence o f a notch was
in the vic in ity o f 75 to 80% o f the m aterials' yielding load values. However, the
threshold loads fo r SCC in Z r alloys may be true only fo r the configuration o f the
notch used in this study.
#

Both the maximum stress (Cm) and the failure stress (Of) were reduced w ith
increasing temperature from ambient to 90°C in SSR tests. However, the tim e-tofailure (TTF), percent elongation (%E1), and percent reduction in area (% RA)
were increased at the elevated test temperature, indicating enhanced d u ctility.

»

The corrosion potential (Ecw) and critica l pittin g potential (E ^) values fo r Zr-2 in
30°C acidic (SAW M ) environment were more anodic (negative) due to the acidic
pH. However, no consistent pattern on the effect o f temperature on these critica l
potentials were observed w ith either alloy.

#

The application o f controlled cathodic potentials (Eamt) showed a detrimental
effect o f hydrogen charging on the corrosion behavior o f zirconium alloys under
constant loading conditions. The extent o f damage due to the cathodic charging
was gradually increased w ith more negative applied potentials. These damages
were characterized by either localized dissolution or form ation o f corrosion rings
around the gage diameter. A dditional testing fo r longer duration is recommended
fo r future investigation.

#

The prim ary failure mode o f a ll broken specimens was ductile showing dimpled
microstructures. No secondary cracks were observed by optical microscopy.
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*

A ll polarized specimens showed either general or localized dissolution, but no
classical pits or crevices.
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